The replication origins of three large Bacillus thuringiensis plasmids, derived from B. thuringiensis HD263 subsp. kurstaki, have been cloned in Escheyichia coli and sequenced. The The gram-positive soil bacterium Bacillus thuringiensis is well known for its insecticidal activity against a variety of lepidopteran, dipteran, and coleopteran pests (17). The entomocidal activity of this bacterium is due to a family of insecticidal crystal proteins (ICPs), often referred to as delta-endotoxins, that exert their effect after ingestion and subsequent solubilization in the insect midgut (23). The ICPs are encoded by genes that are typically located on large (>30-MDa) plasmids (7, 19) but are believed to be found occasionally on the chromosome (22). Numerous ICP genes have been cloned, and their encoded products have been assessed for insecticidal activity (17). An efficient transformation system that uses electroporation has been developed for B. thuringiensis (3, 21, 25, 27, 33) , stimulating interest in the regulation of ICP gene expression and the genetic manipulation of insecticidal activity.
amino acid sequence of its putative replication protein appear to be nonhomologous to other published replication origin sequences.
The gram-positive soil bacterium Bacillus thuringiensis is well known for its insecticidal activity against a variety of lepidopteran, dipteran, and coleopteran pests (17) . The entomocidal activity of this bacterium is due to a family of insecticidal crystal proteins (ICPs), often referred to as delta-endotoxins, that exert their effect after ingestion and subsequent solubilization in the insect midgut (23) . The ICPs are encoded by genes that are typically located on large (>30-MDa) plasmids (7, 19) but are believed to be found occasionally on the chromosome (22) . Numerous ICP genes have been cloned, and their encoded products have been assessed for insecticidal activity (17) . An efficient transformation system that uses electroporation has been developed for B. thuringiensis (3, 21, 25, 27, 33) , stimulating interest in the regulation of ICP gene expression and the genetic manipulation of insecticidal activity.
Central to this research effort has been the development of stable cloning vectors for B. thuringiensis, some of which employ replication origins derived from resident B. thuringiensis plasmids (1, 21) . Previously, we described the cloning of seven replication origins derived from resident plasmids of B. thuringiensis HD263 and HD73 (subsp. kurstaki) and the subsequent construction of shuttle vectors based on replication origins ori 43, ori 44, and ori 60, derived from the 43-, 44-, and 60-MDa plasmids, respectively, of strain HD263 (1). These and similar cloning vectors can be useful tools for studying the regulation of ICP gene expression and the molecular basis of insecticidal activity in B. thuringiensis. Moreover, the cloned replication origins provide an opportunity to study the evolution and distribution of plasmid incompatibility groups in B. thuringiensis, the mechanism(s) of plasmid replication and copy number control in B.
* Corresponding author. thuringiensis, and the relatedness of these replication origins to those derived from plasmids of other gram-positive bacteria. In this report, we describe our initial characterization of these three plasmid replication origins.
MATERIALS AND METHODS
Bacterial strains and plasmids. Escherichia coli TG1 was used as the host strain for plasmid and M13 phage propagation (Amersham Corp.). Table 1 describes the plasmids and Bacillus strains used. The B. thuringiensis cloning vectors pEG597, pEG853, and pEG854 (1) were maintained in E. coli GM2163 (kindly provided by New England BioLabs, Inc.). B. thuringiensis HD73 and HD263 subsp. kurstaki were obtained from the collection of Dulmage (11) . B. thuringiensis HD263-6 is a cured derivative of strain HD263 that lacks a 44-MDa ICP-encoding plasmid; strain HD263-8 is a cured derivative of HD263 that lacks ICP-encoding plasmids of 110 and 44 MDa (13) . Acrystalliferous (Cry-) B. thuringiensis HD73-26 is a cured derivative of strain HD73 (13) .
DNA sequence analysis. The replication origin fragments derived from the 43-, 44-, and 60-MDa plasmids of B. thuringiensis HD263 are contained on plasmids pEG599, pEG851, and pEG588-14a, respectively ( Fig. 1) (1). These replication origin fragments were subcloned into the M13 vectors mpl8 and mpl9 for DNA sequence analysis. Singlestranded DNA (ssDNA) templates were sequenced by the dideoxy-chain termination method (32) , using [a-35S]dATP and the Sequenase DNA sequencing kit (U.S. Biochemical Corp.). Sequencing primers were synthesized on an Applied Biosystems 380B DNA synthesizer. Computer-assisted analyses were performed with the Beckman Microgenie programs (SciSoft, Inc.) for DNA and protein sequence analysis and the FASTA search program (31) .
DNA manipulations. Standard recombinant DNA proce- Plasmids from E. coli were prepared by the small-scale alkaline lysis procedure of Maniatis et al. (26) . B. thuringiensis plasmids were resolved on vertical 0.52% agarose gels, using a modified Eckhardt lysis procedure (14) . Transformation procedures. Transformation of B. thuringiensis and Bacillus cereus was performed according to the electroporation protocol described by Mettus and Macaluso (28) . B. subtilis was transformed according to the procedure of Gryczan et al. (16) , and Bacillus megaterium was transformed according to the procedure of Von Tersch and Robbins (36) . All transformations were performed with plasmid DNAs prepared from the Dam-Dcm-E. coli host strain GM2163. Plasmid DNAs prepared from strain GM2163 are not methylated by the dam and dcm methylases and can be used to efficiently transform strains of B. thuringiensis (24) and B. cereus (2) .
Nucleotide sequence accession numbers. The nucleotide sequences were submitted to GenBank and assigned accession numbers M60465 (ori 44), M60475 (ori 60), and M60513 (ori 43).
RESULTS
DNA sequence analysis of the replication origins. The resident plasmids from which ori 43, ori 44, and ori 60 were isolated differ with respect to their transferability and their association with ICP genes. The 43-MDa plasmid of strain HD263 is transmissible (Tra+) by conjugation but is Cry- (lacks an ICP gene). In contrast, the 44-MDa plasmid is both Tra+ and Cry', while the 60-MDa plasmid is Cry' but appears to be Tra- (13) . The replication origin regions from these large plasmids were sequenced to provide further information on their structural organization and relatedness. Replication origin ori 44 was subcloned into mpl8 and mpl9 as a 2.3-kb HindIII-SalI fragment isolated from pEG851 ( Fig. 1) . Replication origin ori 60 was subcloned into mpl8 in both orientations as a 2.3-kb Sall fragment isolated from pEG588-14a (Fig. 1) . Replication origin ori 43 was subcloned into mpl8 in both orientations as a 2.8-kb XbaI fragment isolated from pEG599 ( Fig. 1) . Sequence analysis was initiated by using the M13 universal primer. Subsequently, sequencing primers were synthesized as needed based on the derived nucleotide sequences. The complete nucleotide sequences of the DNA fragments harboring the replication origin regions are shown in Fig. 2 overall A+T content of 69.1%. The ORF starts at nt 627 and encodes a protein of 47,780 Da. A Shine-Dalgarno sequence, AGGAGGT, is positioned 7 nt upstream of the initiation codon. The replication origin sequence is characterized by two A+T-rich (>85% A+T) regions, one before (nt 374 to 435) and one within (nt 1190 to 1233) the ORF. The latter region lies adjacent to a series of related inverted repeats (designated a) within the ORF (Fig. 3) . In addition to these repeats, the ORF is followed by another large inverted repeat ( . 2040 containing ori 44, ori 60, and ori 43, respectively, were introduced by electroporation into B. thuringiensis HD73-26-10 and HD263-8 (Table 1) , and the chloramphenicolresistant transformants were analyzed on agarose gels for plasmid arrays. In all three cases, the replication origin on the recombinant plasmid exhibited incompatibility with the resident B. thuringiensis plasmid from which it was derived, as evidenced by the absence of the resident plasmid among the transformants examined. Representative transformants are shown in Because the selection for chloramphenicol resistance also selects for the presence of the recombinant plasmid, the incompatibility always manifests itself through loss of the resident plasmid from the transformants. These results demonstrate that the cloned replication origin fragments in pEG597, pEG853, and pEG854 contain DNA sequences that control the replication of resident plasmids in B. thuringiensis.
To examine the effect of incompatibility on transformation (Table  1) were transformed with plasmids pEG597, pEG853, and pEG854. As shown in Table 3 , strain HD73-26 was transformed -100-fold more efficiently with pEG597 (ori 44) than was the HD73-26 transconjugant strain (HD73-26-10) containing the 44-MDa plasmid. The two strains showed comparable transformation efficiencies with plasmids pEG853 (ori 60) and pEG854 (ori 43).
To further this analysis, cured derivatives of strain HD263-8 lacking either the 43-or 60-MDa plasmid were constructed and tested for transformability alongside strain HD263-8. These cured derivatives were obtained by growing the HD263-8 recombinant strains containing pEG853 and pEG854 (Fig. 5) under nonselective conditions and subsequently isolating chloramphenicol-sensitive colonies that had lost the recombinant plasmid. The chloramphenicolsensitive isolates, designated strains HD263-8 A43 and HD263-8 A60, lack the resident 43-and 60-MDa plasmids, respectively. As shown in Table 3 , HD263-8 A60 was transformed 50-to 100-fold more efficiently with plasmid pEG853 . (ori 60) than were strains HD263-8 and HD263-8 A43. Similarly, HD263-8 A43 was transformed -400-fold more efficiently with plasmid pEG854 (ori 43) than were strains HD263-8 and HD263-8 A60. Transformation efficiencies with pEG597 (ori 44) or pEG147 (containing the replication origin from pBC16) were unaffected by the presence or absence of the 43-and 60-MDa plasmids. These results demonstrate an approximate 100-fold decline in transformation efficiency when a recombinant plasmid is used to transform a strain containing a resident plasmid with the same replication origin. Incompatibility between a recombinant plasmid and a resident B. thuringiensis plasmid could lower the efficiency of transformation through loss of the recombinant plasmid during the nonselective outgrowth period following electroporation.
Mode of replication. Plasmid replicons in gram-positive bacteria may be grouped into at least two categories with respect to replication mechanisms: those that replicate via an ssDNA intermediate (15) (i.e., rolling-circle replication) and those that replicate via an alternative mechanism (6) (e.g., unidirectional theta replication). Southern blot analysis was used to determine whether recombinant plasmids containing ori 43, ori 44, and ori 60 generate ssDNA intermediates upon replication in B. thuringiensis. Plasmid pEG147 (37), a shuttle vector containing the replication origin of the ssDNA plasmid pBC16 (15) , was included in the analysis as a positive control. Recombinant plasmids in strain HD73-26 were resolved on vertical agarose gels using a modified Eckhardt lysis procedure (14) , transferred to nitrocellulose membranes under denaturing and nondenaturing conditions, and hybridized to 32P-labeled pTZ19u. In this analysis, ssDNA can be detected due to its ability to bind to nitrocellulose membranes under nondenaturing conditions. As shown in Fig. 6 , an ssDNA intermediate of pEG147 could be detected migrating behind the closed circular form of the plasmid (lane a). The hybridization signal for this DNA species is nearly the same under denaturing (Fig. 6B and D) and nondenaturing ( Fig. 6A and C) conditions, as would be expected for ssDNA. In contrast, plasmids pEG599 (ori 43), pEG851 (ori 44), and pEG588-14a (ori 60) (lanes b to d) did not show comparable hybridizing species, although under nondenaturing conditions, faint hybridization to doublestranded forms of the plasmids, including those of pEG147, could be detected upon lengthy exposure of the autoradiogram (Fig. 6C) . Interestingly, a recombinant plasmid containing the replication origin from the 7.5-MDa plasmid of strain HD263 (1) does generate a ssDNA species upon replication in B. thuringiensis (2) . These results suggest that at least two mechanisms of plasmid replication exist among the resident plasmids of B. thuringiensis and that the large plasmids of B. thuringiensis are not ssDNA plasmids.
Higher-molecular-weight forms of plasmid pEG851 (ori 44) and pEG597 (ori 44) can be detected by electrophoresis (Fig. 5 and 6) , with the predominant species appearing to migrate as a dimer (d in Fig. 6 ). Rather than reflecting a rolling-circle form of replication, the presence of multimeric forms probably reflects the inability of plasmids containing the cloned ori 44 region to be efficiently resolved into monomeric forms.
Transformation of other bacilli. Plasmids pEG597 (ori 44), pEG853 (ori 60), and pEG854 (ori 43) were tested for their ability to transform strains of B. cereus, B. megaterium, and B. subtilis. As shown in Table 4 , all three plasmids efficiently transformed B. cereus BC569-6. In contrast, B. subtilis BD170 could not be transformed by pEG597, and B. megaterium VT1660 was inefficiently transformed by pEG853. Plasmids pEG854 and pEG147 were effective in transforming all three bacilli (Table 4) (2) .
DISCUSSION
The entomocidal gram-positive bacterium B. thuringiensis is noted for its numerous plasmids and diverse plasmid arrays (7) as well as its ICP genes (17, 22) . Here we report the DNA sequence analysis and initial characterization of replication origin regions derived from the 43-, 44-, and 60-MDa plasmids of B. thuringiensis HD263 subsp. kurstaki. This study represents the first characterization of replication origins derived from large plasmids of B. thuringiensis, two of which harbor ICP genes.
Each cloned replication origin region is characterized by a single ORF of differing length whose encoded product is essential for replication and by the presence of A+T-rich regions, particularly upstream of the ORFs. Computerassisted analyses of the derived nucleotide and amino acid sequences of ori 43, ori 44, and ori 60 failed to reveal significant homologies, suggesting that the replication origins have independent derivations. The lack of sequence homology is surprising, considering the relatedness of other plasmid replication origins isolated from the bacilli and staph- ylococci (15, 29) . The majority of these replication origins, contained on small plasmids (e.g., pC194), belong to a family of replicons referred to as ssDNA plasmids because they replicate via an ssDNA intermediate (15) . We note that shuttle vectors containing ori 43, ori 44, and ori 60 do not exhibit the structural instabilities associated with shuttle vectors based on ssDNA plasmid replicons (1, 2). Furthermore, the Southern blot analysis of ssDNA species (Fig. 6 ) and the nucleotide sequence analysis of the three replication origins (see below) suggest that the 43-, 44-, and 60-MDa plasmids of B. thuringiensis HD263 are not related to the ssDNA plasmids so prevalent among gram-positive bacteria.
In contrast, at least one of the small cryptic plasmids of strain HD263 (the 7.5-MDa plasmid) appears to be an ssDNA plasmid (2) . The replication origin sequences were also used to search the GenBank, EMBL, GenPept, and SwissProt data bases for homologous sequences, using the FASTA search program (31) . As expected, no homology to the ssDNA plasmids was detected. Surprisingly, the ORF of ori 43 shows weak but extensive homology (24.4% identity over 459 amino acids) to the ORF E replication protein (35) of pAM,1 (Fig. 7) , a 26.5-kb conjugative plasmid originally isolated from Enterococcus (Streptococcus) faecalis (8) . Similar homologies were detected to the RepS protein of the Streptococcus pyogenes plasmid pSM19035 (21.6% identity over 491 amino acids) and to the RepR protein of the Streptococcus agalactiae plasmid pIP501 (21.6% identity over 491 amino acids), two replication proteins that are highly homologous to the ORF E replication protein (4, 5, 34, 35) .
The ORF of ori 60 shows partial homology (31.5% identity over 251 amino acids) to the RepA protein (18) of pTB19 (Fig. 8) nated a) found within the ORF of ori 60 (half-site consensus: 5'-TAAAGGATTCT-3'). The pTB19 replication region contains a set of 3.5 direct repeats at a comparable position within the repA gene, and these are contained within a 274-bp region that is recognized by the repA protein and apparently serves as the physical origin of replication (18) . Adjacent to this set of 3.5 repeats is the sequence 5'-TTATCCACA-3', the recognition sequence for the DnaA replication protein involved in eubacterial chromosome replication (12) . Similarly, each of the three inverted repeats in ori 60 contains a related sequence with the consensus 5'-TTCTCCACA-3', suggesting that this region of ori 60 is functionally analogous to the 274-bp region within repA.
The noted homologies between ori 60 and pTB19 and between ori 43 and the pAM31-related plasmids should facilitate further structure-function analyses of these replication origins. Interestingly, the sequence of the replication origin most commonly associated with ICP genes, ori 44 (2), appears to be nonhomologous to the replication origin sequences published thus far.
The sequence analysis of ori 43 and ori 44 revealed direct or inverted repeat elements spanning the Shine-Dalgarno sequences of their respective ORFs. Although these repeats suggest a role for countertranscript or antisense RNAs in the regulation of plasmid copy number (20, 30) , a more detailed analysis of the replication origins will be needed to confirm their role in copy number regulation. Likewise, discerning the role(s) of A+T-rich regions and other repeat elements in replication awaits further analysis.
Shuttle vectors bearing the three replication origins differed in their ability to transform B. subtilis and B. megaterium. The low-level transformation of B. megaterium VT1660 with plasmid pEG853 could be due to host cell restriction-modification systems rather than to impaired replication, since pEG853 was recovered from the VT1660 transformants (2) . Experiments are in progress to distinguish between these two possibilities. It is interesting to note that ori 43 could be used to efficiently transform all of the Bacillus species tested and that its related replicon, pAMP1, exhibits a broad host range in gram-positive bacteria. It remains to be determined whether the replication origins described in this report can be found in gram-positive bacteria other than B. thuringiensis.
Finally, the sequence analysis presented in this report, together with Southern blot hybridization data obtained for cloned replication origins from seven resident B. thuringiensis plasmids (1, 2) , suggests that the majority of plasmid replication origins in B. thuringiensis are nonhomologous. It will be of interest to determine how the non-ssDNA plasmids of B. thuringiensis, apparently of independent derivation, compare with respect to mechanisms of replication and copy number control.
